In this paper, the hardness property during natural age hardening phenomenon for aluminum based alloy has been studied. Different 
INTRODUCTION
Age hardening (also known as precipitation hardening) is a process by which steel and aluminum based alloys are heated and solution treated. The aim of this process is to improve the strength and hardness of these alloys [1] . Age hardening treatment procedure consists of three major steps: solution treatment, rapid cooling (quenching), and aging. Solution treatment involves keeping the alloy on temperature higher than solvus temperature but less than liquidus temperature for a period of time to get homogeneous one phase of the solid solution, where the solute atoms are dissolved completely in the solution. Rapid cooling or quenching of the solid solution is carried out in a medium like water, oil or even air. During this step, the solute atoms are not allowed to move and form α-phase, so they stay dissolved in a supersaturated phase.
Finally, during the aging stage, the alloy hardness starts to increase when the solute atoms start to diffuse as clusters that distort and strengthen the material.
The age hardening process differs widely in composition and in the microstructures formed. Age hardening is often used in aluminum based alloys to improve the physical properties, such as strength and hardness [1] . The changing in alloy physical properties is due to formation of finedispersed second phase particles in the lattice. These particles strain the lattice internally and restrict the dislocation movement. Then the alloy has to be kept at room temperature or reheated to a temperature below the solvus line and held on that temperature for enough time to ensure full transformation. This temperature is known as the age hardening temperature. The purpose of reheating the alloy is to increase the diffusion rate of the solute atoms by increasing the internal energy of the atoms and then reducing the time needed to age the alloy. Heat-treated aluminum based alloys are widely used for high performance light weight parts, such as aircraft and space shuttle parts. There are several groups of aluminum based alloys that can be aged,the 2xxx alloys group is one of the heat treatable aluminum based alloys in which the princaple alloying element is copper [2] . Magnesium and/or small amounts of other elements could also be added to enhance the strength. In this alloy, Al 2 CuMg is the main hardening precipitate [2] . A normal use of the 2xxx alloys, such as alloy 2024, is for aircraft structures. The 6xxx group of alloys contains magnesium and silicon as primary alloying elements [2] . Mg 2 Si is the hardening precipitate for these alloy [2] . Alloy 6061 is one of the common examples about this group; this alloy is very popular in the structural and construction application. The princapal alloying elements for the 7xxx group are zinc, magnesium and copper. The intermetallic compound, that serves as a hardening precipitate is MgZn 2 [2] [3] [4] . Since Zinc and magnesium are very soluble, a high density precipitates could be achieved and then produce extremely stronger and harder alloys. These alloys such as alloy 7075 are generally used for aircraft structures [2] [3] [4] .
Silicon improves the fluidity of the molten metal while copper and magnesium increase strength [2] .
However, the copper is primary alloying element in 2xxx alloys which mainly increases the hardness [4] [5] .Furthermore, addition of copper in association with nickel improves the strength and hardness stability at high temperature [6] .The tensile strength of aluminum alloys varies from one alloy to the other, for example, 2024 has a tensile strength of about 64 ksi, while 6061 has a tensile strength of about 42 ksi, however, 7075 has higher tensile strength that reaches 73 ksi [2] . When the alloy is selected in the design stage, the mechanical parameters, such as alloy strength, castability, machinability, as well as prices of materials are important factors to be considered.
Solution treatment plus aging for the 2618 aluminum alloy (Si: 0.10-0.25, Fe: 0.9-1.3, Cu: 1.9-2.7, Mg: 1.3-1.8, Ni: 0.9-1.2, Zn: 0.10) wt%, produces a machineable material to a fine detail [7] .
When using magnesium and copper as primary alloying elements for aluminum based alloys, age hardening is associated with the precipitation of Guinnier-Preston (Cu, Mg) zones and the semicoherent S phase, which is closely related to the equilibrium S-phase (Al 2 CuMg) [7] . which are the rapid initial rise (about 50-70% of the total hardness increase), and the second rise, which is slower than the first one. In semi-logarithmic representation, they are separated by a sort of plateau whose duration depends strongly on temperature and alloy composition. In normal scale, a plateau does not always appear [8] .
In the literature many researchers have studied the aging of aluminum alloys. For example, Ou [9] studied the influence of pre-aging at low temperature on the thermal age hardening for aluminum alloy 6063 (Al-0.72 Mg-0.42Si). He found that any increase in pre-aging temperature and/or holding period time will significantly decrease the strength of the alloys during and after thermal aging.
Age hardening can change the dimensions of the material due to internal stresses, alloy concentrations, and the aging process. It is hard to predict these dimensional changes because of the number of the intervening factors. Oneda et al [10] examined the effect of pre-aging on the artificial age hardening of 1.32wt% Mg 2 Si aluminum based alloy at 170 °C. They found that the change in hardness was strongly dependents on the pre-aging temperature. Özbek [11] studied the effects of re-solving treatment of AA2618 aluminum based alloy, at solution heat treatment temperature between 520-640 °C and holding time of 14-24 h, followed by artificial aging. He found that further solution treatment temperature leads to increase both the grain and the precipitate size, and then reduces the hardness significantly. Al 9 FeNi-type intermetallics are not completely dissolved by these solution treatments.
Desmukh et al [12] studied aluminum 7010 alloy (Zn 6.3, Mg 2.3, Cu 1.55, Zr 0.14) fatigue life, the fatigue life was corresponding to 10 6 cycles and the results revealed that the over aged alloy has a fairly high value of fatigue strength as compared to the peak aged alloy. These results were discussed with the aid of microscope images to show the differences between the microstructures developed in the materials that subjected to different aging treatments. Zeren [13] studied the effect of heat-treatment on aluminum piston alloys, AlCu 4 MgNi alloys and AlSiCuMgNi alloys with 10.5%, 12%, 18% and 24% Si are widely using in automotive industry for this purpose. It was found that the mechanical properties of aluminum based piston alloys are highly dependent on the heat treatment temperature and treating time. Thus, characteristics of heat treatment play a significant role for excellent microstructure and mechanical properties.
Ouellet et al [14] studied the aging phenomenon of 356 and 319 aluminum alloys. They found that the main parameters that control the mechanical properties are the iron and copper intermetallics, the eutectic silicon particle characteristics, the porosity size and distribution, and the supersaturation level of Mg and Cu in the α-Al matrix after solution heat treatment.
Gonzalez-Martınez et al [15] studied the age hardening of magnesium wrought alloys (magnesium-aluminum zinc series) by damping measurements and hardness. They found that the age hardening temperature significantly accelerates the damping and the hardening of the specimens.
DESIGN OF EXPERIMENTS
The Experiment was designed totally using of design of experiment (DOE) with an assistance of MINITAB software. The selected study factors were: aging time, %Cu and % Ni with eleven levels for aging time factor and 4 levels for each of %Cu and %Ni. Table 1 shows the considered factors and levels in this study. The hardness in term of Rockwell scale B (HRB) was measured at different combination of study factors. After selecting factors and their levels, the experimental were conducted based on a random sequence to ensure reproducibility of the apparatus and maintain high level of accuracy.
Two replicates were measured for each factors combination, so the total number of required test specimens was 352. In order to reduce the measurement error, the hardness measurement was taken five times at five different locations along the specimen for each sample, and then the averages of these five measurements were considered for further analysis. Actual hardness measurement would be represented by equation (1) according to design of experiment model. 
Where is the actual measure of hardness, is the overall mean, is the effect of the ith (hardness values), and two factor interaction plots were used to check if the interactions between the factors significantly affect the response. However, ANOVA is very sensitive to normality in the distribution of errors, to make sure that normality assumption is valid; the normality validation was conducted before any further analysis. Furthermore, to avoid any trend that arises in the sequence of experimental runs, validation for randomization in the experimental run was done as well.
MATERIAL AND METHODS
The specimens were produced using casting technique. The aluminum ingot blocks were melted at temperature of 750 °C in graphite crucibles. Copper and nickel were then added to the molten metal and agitated vigorously to ensure good distribution of copper and nickel. The melt poured into the dried cylindrical permanent metallic molds (30 mm in diameter and 175 mm height) as shown in Figure 1 . Then the mold was left in air to cool down to room temperature.
The next step was heat treatment of the samples which was carried out at 550 ±5 °C in an electric arc furnace for 3 h to turn the material into one homogenous solid solution phase. The specimens were then quenched in water at room temperature immediately after being taken out of the furnace. Surface polishing takes place to remove the oxide layer and get smoother surfaces.
Then the hardness change due to natural age hardening was measured continuously for 936 h (39 days) starting from the time of quenching. The hardness was measured using Rockwell hardness test scale B (1/16-inch hardened steel ball with minor load 10 kgf and major load 90 kgf). In order to reduce the reading errors and get more representative hardness value, the hardness readings were taken at five different locations on the surface for each specimen. This is partially due to the increased amount of precipitated coherent phase inside the lattice.
No over-aging status had been noticed in this study. However, it seems that the time of 936 hours was too short for the considered alloys to allow the complete separation of the coherent phases, which cause the phenomenon of over-aging to occur.
Design of experiment (DOE) tool was used in this study to analyze data and draw the conclusions. The normal distribution of the randomized error is the right distribution for validating the DOE model. So the proof of normality in the error distribution was made before start analyzing the data. Figure 3 shows the normal probability plot. The linearity of the relation refers to the normality of the standardized error. As shown in this figure, almost all points are clustered straight along the line except very few points at ends of the linear line. Hence, it can be concluded that the standardized error is very close to normal distribution and the model is statistically valid for further analysis. In order to avoid any unintentional trend in the run order, the observation order versus residual was plotted as shown in figure 4 ; however, the standardized residual points are distributed around the zero and there is no sign of non randomized patterns within the distribution. hypothesis is accepted and then the term is significant. The statistical test that used in ANOVA is F-test where F 0 is calculated and compared to standard F-critical, and then the conclusion can be drawn based on that. A detailed description of F test is in Montgomery et al [16] .
Also the comparison between P-value and confidence level α (usually 0.05) can draw similar conclusion whether to accept or reject the null hypothesis. If P-value is less than 0.05, then the null hypothesis has to be rejected and the term is significant, otherwise the term is not significant. In the last column of the ANOVA table, P-value for each factor and interaction is listed. Figure 5 to check the trend of the factors and interaction between them. It can be concluded that hardness is directly proportional to the level of each factor. The curvature of the main effect on hardness of both copper and nickel percentages is not clear. However, the main effect on hardness of aging time is concave, in other words the hardness has a negative acceleration rate. The plot of two factor interactions is shown in Figure 6 . Also the surface response plot is shown 
CONCLUSIONS
The hardness increased for all %Cu -%Ni combinations sharply starting from the beginning of the aging time, but it was slowing down with the time until about 300 hours where it kept approximately constant till the end of aging time (936 hours). This indicates that the solute atoms start to diffuse in a short time producing severe lattice distortion in different areas to form the coherent phase, causing an increase in hardness of the studied alloys. The hardness was higher for a higher copper and nickel percentages at the initial time. The reason behind that is due to higher precipitated coherent and then higher internal strain at higher alloying element percentage. Also the hardness increasing was more at higher copper and nickel percentages. This is due to higher amount of alloying atoms available for diffusing to form more coherent phases 
